In the learned helplessness (LH) animal model of depression, failure to attempt escape from avoidable environmental stress, LH, indicates behavioral despair, whereas nonhelpless (NH) behavior reflects behavioral resilience to the effects of environmental stress. Comparing hippocampal gene expression with large-scale oligonucleotide microarrays, we found that stress-resilient (NH) rats, although behaviorally indistinguishable from controls, showed a distinct gene expression profile compared to LH, sham stressed, and naïve control animals. Genes that were confirmed as differentially expressed in the NH group by quantitative PCR strongly correlated in their levels of expression across all four animal groups. Differential expression could not be confirmed at the protein level. We identified several shared degenerate sequence motifs in the 3 0 untranslated region (3 0 UTR) of differentially expressed genes that could be a factor in this tight correlation of expression levels among differentially expressed genes.
INTRODUCTION
Depression is one of the most prevalent and disabling of all medical disorders. 1 Environmental stressors play a strong role in the etiology of the disease, yet not all humans become depressed after exposure to similar environmental stressors. This indicates that vulnerability to the depression-inducing effects of environmental stress may be at least in part genetically determined. 2, 3 In this study we explored possible genetic factors mediating stress resilience in the learned helplessness (LH) animal model of depression. 4 In this model, animals are exposed to inescapable stress on day 1 and then given an escapable stress test, shuttle box testing, 24 h later on day 2. Following exposure to inescapable environmental stress some animals demonstrate escape deficits during shuttle box testing performed on the following day, that is, they no longer attempt to avoid escapable stressors (LH animals). In contrast, other animals exposed to the same inescapable stressor on day 1 do not develop LH (NH animals) and instead show behavioral responses in the escapable stress test similar to nonstressed or sham stressed controls. Thus, the LH model can provide for study of differences in individual susceptibility to development of behavioral depression after inescapable stress, and to resilience to the adverse effects of inescapable stress.
Our study is the first to compare large-scale gene expression patterns between rats showing either one or the other of the two different behavioral outcomes of LH training (LH and NH), along with sham stressed and naïve control animals. A number of studies have previously demonstrated that LH is a syndrome of changes in brain activity involving multiple neurotransmitter systems and brain regions. Among the brain regions implicated are the dorsal raphe nucleus, 5, 6 the nucleus accumbens, 7 prefrontal cortex, hippocampus and striatum. 8 We chose to investigate the hippocampus because it is one of the brain areas most heavily implicated in mediating the effects of environmental stress on affective state. Chronic depression and post-traumatic stress disorder have been associated with hippocampal volume loss in human subjects [9] [10] [11] [12] and a number of animal studies have described changes in the expression of different classes of genes in the hippocampus following stress exposure, among them immediate early genes, 13 glucocorticoid and adrenocorticorticoid receptors and different classes of neurotransmitter receptors. [14] [15] [16] [17] [18] Likewise, hippocampal neurogenesis has been shown to be required for the behavioral effect of antidepressant drugs. 19 Our investigation expands on a number of previous studies that have compared neurotransmitter receptor binding and gene expression in the hippocampus of learned helpless and nonhelpless (NH) animals. Among the findings previously described are an upregulation of b-adrenergic and 5-HT 1B serotonin receptors in the hippocampus of LH compared to NH and control animals 20, 21 and a decrease in 5-HT 2A receptor density in the dorsal hippocampus of NH rats. 22 Rats selectively bred for high or low vulnerability to LH 23 show differences in mRNA expression of hippocampal neuropeptide Y, CREB, the a-catalytic subunit of protein kinase A (PKA-Ca) and glycogen-synthase kinase 3, subtype b (GSK-3b). 24, 25 (Figure 1 ) Using Resolver, we calculated the confidence level (P-value) for each gene indicating whether the corresponding mRNA was expressed above background level. If Pp0.05, the corresponding mRNA was considered to be expressed above background, a criterion met by around 5300 (62%) of the approximately 8600 transcripts represented on the rat genome U34A array. For each transcript, the degree of interindividual variability is reflected by its coefficient of variation, the standard deviation of expression levels divided by the average level of gene expression, among naïve animals. We found the coefficient of variation to be correlated with the intensity of gene expression, as highly expressed genes showed a statistically significant trend towards less variability in expression levels ( Figure 1 ).
RESULTS

Intensity and Variability of Microarray Gene Expression Data
Comparison of Gene Expression Patterns between Animal Groups (Figure 2, Tables 1-3)
Comparing patterns of gene expression on microarray among the four animal groups (naïve, sham stressed, LH and NH), we selected a cutoff of at least 25% (1.25-fold) change in gene expression and a statistical significance level of Pp0.01 on ANOVA. In total, 208 genes differed significantly in their expression levels between NH animals and one or more of the other three animal groups ( Figure 2 ). In total, 48 of these genes were differentially expressed in NH animals compared to all other three groups (Table 1) . In contrast, while LH animals differed from NH animals in the expression of 69 genes, they showed no consistent pattern of gene expression changes compared to the two control groups, naïve and sham stressed animals. Thus, while the LH animals were, by definition, behaviorally distinct from the other three animal groups, this was not reflected by their pattern of hippocampal gene expression. In contrast, the stress-resilient NH animals, while behaviorally indistinguishable from sham stressed controls, were characterized by a distinct pattern of gene expression changes in the hippocampus. Hierarchical clustering did not identify NH animals as a group distinct from the other three, unless expression data from the six animals per group were averaged into one 'average group animal'. The 'average' naïve and sham stressed animals resembled each other most closely, followed by the 'average LH animal', with the 'average NH animal' being the most dissimilar. Hence, gene expression profiling in the hippocampus did not reveal any changes in expression level that could explain the altered behavior of the LH animals. Rather, the comparison of expression patterns among animal groups unexpectedly defined NH animals as the outlier.
All but two of these 48 genes differentially expressed on microarray in the NH group were downregulated in the stress-resilient animals. Effect sizes in this core group of 48 Figure 1 Gene expression in naïve animals. Coefficient of variation (STD/mean) over the mean level of gene expression in naïve control animals (n ¼ 6) for B8000 genes is shown. The axes are scaled logarithmically. Expression levels of below 100 were near background (dark gray overlay). Coefficients of variation of 1 or higher (STDXmean) in transcripts expressing above background were in each case due to a single outlier, likely reflecting a technical fault of the array hybridization (light gray overlay). The mean coefficient of variation in transcripts entering further analysis (white, unshaded area of the graph, B5500 transcripts) was 0.18. For these transcripts the correlation coefficient between log 10 (mean level of gene expression) and log 10 (coefficient of variation) was À0.50 at a significance level of Pp0.01.
genes were small, as no changes larger than 2.5-fold could be observed. We chose 16 of these 48 genes for confirmation of expression changes by quantitative PCR. Criteria for the selection of individual genes were the direction of fold change, effect sizes, and existing knowledge about the gene in question. The only two genes that appeared upregulated in NH animals based on the microarray data, System N1 Na þ and H þ -coupled glutamine transporter (Hnrpu), and Serine protease inhibitor, Kazal type 1II (Spink1) could not be confirmed as differentially expressed by quantitative PCR. We deliberately chose genes with large fold changes as well as some with small differences in gene expression to show that quantitative PCR confirmation worked as well for small fold changes as for large ones. 12 of the 16 genes, chosen for quantitative RT-PCR analysis were confirmed as differentially expressed by showing at least one statistically significant expression difference between animal groups. Effect sizes as observed on microarray and by RT-PCR were generally in good agreement. Due to the small effect sizes, however, differences in gene expression changes observed with quantitative RT-PCR were not always statistically significant (Pp0.05) across all three comparisons ( Table 2) .
The surprising finding that all genes differentially expressed in the NH group were downregulated in these animals prompted us to investigate whether the level of expression between these genes might be correlated. We therefore compared the levels of expression among genes investigated by quantitative RT-PCR across all animals and within each animal group. Investigating bivariate correlations across all 24 animals regardless of group membership, we found that the expression levels of each of the 12 confirmed differentially expressed genes correlated with expression levels of each of the 11 other ones at a significance level of Pp0.001, with Pearson's correlation coefficients of 0.75 and over. Moreover, we observed no correlation between the level of expression among our 12 confirmed genes and a randomly chosen gene, cytochrome b (Cytb), investigated in the same manner (not shown). Since the group of genes identified as differentially expressed in the NH animals cannot explain the behavioral phenotype, which is identical to that of the sham stressed animals, we did not find a relationship between the levels of expression in these genes and escape latencies (not shown).
The high correlation between the expression levels in our differentially expressed genes may reflect the fact that these genes were chosen by virtue of being downregulated in NH animals, and this communality could inflate the correlations observed among gene expression levels within the entire group of animals. This fallacy can be avoided by comparing correlation coefficients between our differentially expressed genes within each animal group, as shown in Table 3 . The 264 correlations (4 Â 66) shown in Table 3 are subject to the statistical fallacy of multiple comparisons, however, as the statistically significant correlation between Cytb and gamma-aminobutyric acid A receptor, gamma 2 subunit (Gabrg2) expression in sham stressed animals indicates. Nonetheless, the overall pattern indicates a high number of significant correlations within each animal group that is dependent on the application of and response to environmental stress. In total, 18% of the correlations between our 12 differentially expressed genes were significant in naïve animals, 52% in sham stressed animals, 73% in LH animals and 85% in the NH group. Moreover, there was a trend for the tightness of the correlations, as indicated by correlation coefficients close to 1.0, to increase as the number of statistically significant correlations increased from group to group. These data suggest the presence of a regulatory factor that is invoked upon exposure to stress, and which brings into synch the expression levels of genes that are differentially expressed in NH animals.
Western Blot Analysis of Protein Expression (Figure 3 ) Stress activated protein kinase alpha II (Mapk9), N-ethylmaleimide sensitive factor (Nsf), Neurotensin receptor 3 (Nt3, also known as sortilin) and Synaptotagmin 1 (Syt1) were investigated by Western blot analysis of hippocampus protein homogenate. In contrast to gene expression, which was downregulated in NH animals for all confirmed differentially expressed genes, protein expression of Mapk9 and Nt3 was significantly upregulated in NH animals compared to two or three of the other animal groups. Signal intensities on Western blot were higher in NH animals compared to LH by 17% for Mapk9 and 16% for Nt3. No statistically significantly changes across animal groups could be observed for protein levels of Nsf and Syt1.
Investigation of Promotor and UTR Regions in Differentially
Expressed Genes (Figure 4 ) As the high degree of correlation between levels of expression among differentially expressed genes suggested the presence of a common regulatory factor, we investigated Figure 2 Comparison of gene expression between animal groups. (a-d) Resolver analysis of gene expression transformed raw expression levels into expression intensities, with an expression intensity of 1 roughly corresponding to a raw expression level of 1000. The ratio of gene expression intensities between two groups of animals is shown over the average intensity of gene expression in both groups together (naïve ¼ naïve control animals, sham ¼ sham stressed control animals, LH ¼ learned helpless animals, NH ¼ nonhelpless animals, n ¼ 6 per group). The axes are scaled logarithmically. Genes expressing near background (expression intensity below 0.1) are shown in gray, not differentially expressed genes above background in blue, upregulated genes (Pp0.01) are shown red, downregulated genes (Pp0.01) green. Nonhelpless animals differed more strongly from controls (naïve and sham stressed) than helpless animals, as evidenced by the greater number of differentially expressed genes (red and green) and the wider spread of the blue cones indicating a greater difference in gene expression below statistically significant levels. (e-f) Cluster analysis of gene expression data, using agglomerative hierarchical clustering for genes expressing above background (B5500 transcripts). Expression intensities were transformed into z-scores, with upregulated genes shown red and downregulated genes green. (e) Each lane corresponds to a single animal, its group membership indicated by the color of the tile shown above the lane (gray ¼ naïve control, white ¼ sham stressed control, blue ¼ learned helpless, yellow ¼ nonhelpless). For shuttle box tested animals (sham stressed, learned helpless and nonhelpless animals) mean escape latencies are indicated in circles below the lanes. Single animals did not cluster by group membership or by escape latency. (f) Expression intensities were averaged in each animal group before clustering analysis was performed on the averaged expression intensities. The branching pattern of the dendogram indicates that naïve and sham stressed controls were most similar to each other, followed by learned helpless animals, with nonhelpless animals being the most dissimilar from animals in the other three groups. (g, h) Venn diagrams comparing the number of genes differentially expressed with at least 1.25-fold change in expression level between at least two of the animal groups (Pp0.01). (g) In total, 208 genes were differentially expressed in nonhelpless animals. Of these, 190 were differentially expressed between NH and naïve animals, 93 between NH and sham stressed animals, and 69 between NH and LH animals. The colored circles indicate the degree of overlap between these groups, leading to the identification of a core group of 48 genes that were differentially expressed in NH animals compared to each of the other three animals groups. (h) In total, 73 genes were differentially expressed in learned helpless (LH) animals, but only four of these genes were differentially expressed in comparison to either one of the two control groups. There was no overlap between the three NH differential expression data sets, indicating the absence of a consistent pattern of gene expression changes in the hippocampus of LH animals. the promotor and untranslated regions of our group of coregulated genes for common regulatory elements. The input data set for this analysis consisted of rat, mouse and human orthologs of our 12 genes confirmed by quantitative PCR (Table 2) , plus the three among our set of differentially expressed genes ( Table 1 ) that showed the highest correlation of expression levels in microarray analysis (not shown), Dnaja2, Oazi, and Pcmt1 (see Table 1 for full gene names).
We could exclude the possibility that their synchronized expression pattern was guided by a locus control mechanism, because the genes we identified as differentially expressed are scattered throughout the genome. Batch sequence analysis of the upstream regions of the differentially expressed genes did not reveal any common sequence motifs that could possibly bring in sync the transcription rate of this group, however, and neither did analysis of the 5 0 UTR regions (data not shown). Batch sequence analysis of the 3 0 UTRs was able to predict 11 degenerate sequence motifs, which could be putative targets for regulatory proteins or micro-RNAs (Figure 4 ). The predicted motifs were able to recognize all of the genes included in the initial data set vs the entire 3 0 UTR database, yet Mapk9 was only predicted at a low e-value (1.8, motif 11) and not by all motifs in combination. The motifs were unable to predict any of the other genes among the group of 48 found by comparison of microarray data, with the exception of lipoprotein lipase (Lpl), which was predicted by motif 5 with an e-value of 8.7.
To control for the possibility that the identification of common motifs might be an artifact generated by overall high sequence similarity, possibly due to evolutionary conservation, we compared the 3 0 UTRs of the different genes in this data set using the BLAST sequence alignment tool. The degree of sequence similarity detected in the input data set after 'all against all' pairwise alignment gave no evidence for high overall sequence similarity, however, thus rejecting the possibility the motifs found could be a result of common evolutionary origin (data not shown). Next, we compared our results of the 3 0 UTR analysis to a set of simulations, where the initial data set was a randomly generated gene list, subject to the same analysis. While some of the random simulations resulted in a motif(s) prediction, these motifs were not able to discriminate between the initial data set and the entire 3 0 UTR database. Out of 20 repeats just one simulation returned more than 25% of the initial genes and none returned more than 50%, our threshold for successful analysis (not shown).
DISCUSSION
In this study we used large-scale gene expression analysis to investigate groups of rats that responded to LH training with different behavioral outcomes (LH vs NH) and two control In choosing a cutoff level of 1.25-fold for differential expression, we were guided by studies showing that behavioral stimulation is likely to induce changes in gene expression that lie well below the traditionally chosen cutoff of two-fold changes in gene expression. 26 Of the 208 transcripts thus identified, 48 were differentially expressed in NH animals compared to each of the other three animal groups. For 12 of 16 of these genes significant differential expression was confirmed by quantitative real-time PCR, in keeping with our previous observations that real-time PCR is a powerful method for detecting even small fold changes in gene expression. 25 Expression of all differentially expressed genes was downregulated in NH compared to the other animal groups, with the exception of two genes which could not be confirmed by quantitative RT-PCR. The expression levels of genes assessed by quantitative PCR showed a high number of significant correlations that were highest within the NH group, thus indicating the possible presence of a regulatory factor mediating stress resilience, which brought Table 1 for full gene names. In total, 30 mg of total protein extract from hippocampus homogenate of individual animals were loaded in each lane. Animal groups are indicated below the lanes (naïve control animals, naive; sham stressed controls, sham; learned helpless animals, LH; nonhelpless animals, NH; n ¼ 6 per group). Bar graphs show the average level of protein expression in percent of average protein expression in naïve animals, as determined by densitrometry of three separate Western blots. Statistically significant differences in protein expression are highlighted (*Po0.05; **Po0.001). Due to the variability in signal intensity between replicate Western blots, the examples of individual blots shown below the bar graphs do, in some instances, not appear to correlate well with the averaged data shown above (eg Mapk9-sham stressed animals). For the same reason, the error bars appear small in relation to the variations in signal intensity seen on one blot alone.
into synch the expression levels of these genes. For example, a recent study has shown that micro-RNA's can downregulate large number of target mRNAs by pairing to their 3 0 UTR via conserved consensus sequences. 27 Searching for possible shared regulatory elements within a subgroup of our gene set that might account for the synchronicity of their expression levels, we were able to detect a group of 11 specifically enriched 3 0 UTR sequence motifs. Most of the motifs we found are TA-rich and thus resemble binding sites for the Hu group of proteins that regulate mRNA turnover Figure 4 Motif predictions for 3 0 UTRs. Motifs predicted by batch sequence analysis as regions of possible regulatory significance in the 3 0 UTR of coregulated genes and their predictions for members of the input data set are shown. The leftmost column shows the motif consensus sequence in weblogo format 60 (http://weblogo.berkeley.edu/), where each logo consists of stacks of symbols, one stack for each position in the sequence. The height of symbols within the stack indicates the relative frequency of each nucleic acid at that position. Shown above the weblogo figure of each motif are its e-value and the number of genes in the 31K 3 0 UTR database predicted by this motif at an e-value of eo0.05 and eo10, respectively. Almost all genes predicted by the motifs either in isolation or combined (lowermost row) at an e-value of 0.05 or less are members of the input data set. For each gene, only the data for one of the three homologs (human, rat, and mouse) are shown and e-values for motif predictions in individual genes (columns to the right of the weblogo figures) are for the homologs predicted at the lowest e-value. The color overlay indicates the level of significance (eo0.001 brown, eo0.05 orange, eo10 yellow). The quality of prediction depends in part on the number of homologs available in the database for any given gene, ranging from 1 to 3. For example, for Mapk9, only one homolog was available for analysis.
and that have been implicated in the control of neuronal development and plasticity. 28 Our inability to find a single DNA motif shared by all coregulated genes could be accounted for by the low-signal-to-noise ratios making computational analysis of degenerate motifs difficult, especially in higher organisms. 29 Problems created by the signal-to-noise ratio in current computational approaches also prevented us from exploring the distant possibility that a signal exists further than 5 Kbp upstream, or that the signal is scattered in different noncoding sequences in different genes.
Changes in gene expression could not be confirmed at the protein level, which calls into question the functional significance of the observed downregulation at the mRNA level. On the contrary, among the four proteins we investigated, Mapk9 and Nt3 were slightly upregulated in stress-resilient animals. Rats were killed 24 h after shuttle box testing to allow comparison of our results with those of previous studies reporting changes in receptor binding and neurotransmitter release in the brain of rats killed at that time point, 20, 22, 30, 31 yet it is possible that a different time point might have been more suitable to capture changes in gene expression.
An argument can be made that the behavioral response of the NH group is due to a priori genetic differences in these animals, which could also explain the differences from all other groups. In this context, the 24 h time point may represent steady-state levels of expression rather than expression responses to the challenges of the LH paradigm. However, the expression profile of the NH group differed more from that of the naïve and sham stressed animals than from that of the LH group. If the differences in gene expression were the results of pre-existing genetic differences between animal groups, rather than induced by exposure to LH training, one would expect our naïve and sham stressed groups of animals-which were randomly drawn from the same pool as the rats exposed to inescapable shock and shuttle box testing-to exhibit gene expression profiles that were intermediate between those shown by the two animal groups with distinct behavioral outcomes.
A number of previous animal and human studies have implicated some of the genes we identified as differentially expressed in stress-resilient animals as potential participants in the regulation of affect. Among those are aldolase A, and the Na þ K þ transporting ATPase alpha 1.
32,33 Nsf 34 and synaptotagmin 1 35, 36 have both been implicated in the regulation of neurotransmitter release. Crispino et al 37 described a modulation of Syt1 mRNA levels in area CA3 of the hippocampus during the estrous cycle with highest levels occurring during diestrus, while Jenkins et al 38 showed that rats in diestrus were more vulnerable to develop LH, thus supporting our observations that lowered levels of Syt1 are accompanied by increased stress resilience.
GABA receptors have previously been shown to be downregulated in the prefrontal cortex or hippocampus following electroconvulsive therapy and antidepressant drug treatment 39, 40 and have been implicated in the development of LH. 31, 41 In this context, our observation of cannabinoid receptor 1 downregulation in stress-resilient animals is particularly intriguing, as in the hippocampus Cnr1 is expressed exclusively by a subpopulation of inhibitory GABA-ergic interneurons where the receptor is thought to regulate GABA release from presynaptic boutons (reviewed in Wilson and Nicoll 42 ). The neurotensin-3 receptor not only binds neurotensin but also Lpl with high affinity, 43 which is intriguing in view of our observation that Lpl was among the genes showing downregulated expression in NH animals. Moreover, Nt3, in acting as a neurotrophin receptor, can mediate proapoptotic signaling. 44 Among the genes we found to be differentially expressed in the hippocampus of stress-resilient animals, several others have also been implicated in proapoptotic signaling, among them Vdac1, 45 Mapk9, 46 and protein phosphatase 2A. 47 Taken together, these findings indicate that regulation of GABA-ergic neurotransmission, synaptic vesicle exocytosis and apoptosis in the hippocampus may jointly contribute to the development of resilience or vulnerability to environmental stress in an animal.
MATERIALS AND METHODS Animals
Adult, male Sprague-Dawley rats weighing 300-350 g at the start of the behavioral procedure were used in all experiments. Rats were housed in a temperature-(221C) and humidity-controlled environment with free access to food and water and were maintained on a 12 h light/dark cycle, with experimentation occurring during the light part of the cycle. Animals were acclimated to these housing conditions for at least 2 weeks before any experimental manipulation. Care was taken to minimize animal discomfort during all procedures. All procedures were in accordance with protocols approved by the Dallas and Omaha Veterans Affairs Animal Care and Use Committees and the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
LH Training and Behavioral Testing
In the LH model as currently used by us and other investigators, 48 rats are exposed to an inescapable stressor (tail shock while restrained) or sham stress (restraint only) on day 1. The escapable stressor, administered in a shuttle box on day 2, requires a rat to cross from one compartment of the cage to another to terminate electrical foot shock, which ends automatically after 30 s if the rat fails to perform the task. In about 50% of the animals stress exposure on day 1 induces LH, that is, escape failure from subsequent stressors on day 2. NH animals, on the other hand, behave similarly to control animals in the shuttle box escape task, indicating their resilience to the inescapable environmental stressor offered on the previous day.
Procedures for stress exposure and shuttle-escape testing were as previously described. 22 Rats were randomly assigned either to be exposed to uncontrollable tail shock, sham stress, or to remain in their home cages (naïve control). The inescapable shock session consisted of 100, 5 s, 1.0 mA tail shocks on a 1 min variable-interval schedule (range 25-90 s) with the rats confined in Plexiglass tubes. Sham stressed rats were restrained for an equivalent period of time as rats exposed to uncontrollable stress, but received no tail shocks.
Rats were tested for escape performance in a shuttle box with an electrified floor grid 24 h after stress or sham stress treatment. Naïve controls were not tested. The test began with five trials during which one shuttle crossing terminated shock (FR-1 trials), followed by 25 trials during which the rat had to cross the shuttle box twice to terminate shock (FR-2 trials). Shock intensity was 0.8 mA with an average intertribal interval of 60 s. Shocks terminated automatically 30 s after onset if escape had not occurred. Escape latencies were recorded automatically by a computer. Rats that had previously received uncontrollable stress were classified as learned helpless (LH) if the mean escape latency for the 25 FR-2 trials was X20 s or as NH if the latency was o20 s. The FR-1 trials serve to insure that the tested animal has normal motor function in response to foot shock. FR-1 escape latency is unaffected by prior stress exposure. Thus, most animals have an escape latency of o10 s on the FR-1 trials, whether or not they test as learned helpless or NH on the subsequent FR-2 trials. The FR-1 trials can therefore be used to identify animals with overall slow motor response, which could otherwise mimic the escape deficit of LH. 48 
Microarray Analysis
Six animals in each group (naïve controls, sham stressed controls, LH and NH) were used for gene expression analysis. At 24 h after the test session animals were killed by decapitation, their brains removed and the left and right hippocampus dissected free of the brain. Hippocampi were stored in RNAlater (Ambion) to prevent degradation of RNA. RNA was extracted from hippocampal tissue using RNeasy kits (Qiagen) and following the manufacturers' instructions. The quality of total RNA was checked with an Agilent 2100 Bioanalyzer (Agilent Technologies) in order to determine the ratios of 28S-18S ribosomal RNA band intensities, which were 1.9 on average, without evidence for degradation in any of the samples. In total, 15 mg total RNA was then used to generate biotinylated probes for hybridization to Affymetrix U34A rat genome arrays, following the manufacturer's protocol. Quality of the probes was confirmed by Agilent 2100 Bioanalyzer analysis before hybridization to individual Affymetrix U34A microarrays.
Gene expression profiles of individual animals were normalized to all probe sets on the array and then compared using the Rosetta Resolver analysis package (Rosetta Biosoftware) and Microsoft Excel. Variability in gene expression on microarray that occurred independently of the experimental paradigm was analyzed using Microsoft Excel, comparing average level and standard deviation of gene expression among naïve animals only. For comparison between animal groups, we used Rosetta Resolver as well as Microsoft Excel. Using Resolver, we first identified transcripts that were expressed significantly above background level (Pp0.05) in all 24 array hybridizations. These transcripts were then compared for statistical differences in expression intensities between animal groups, using one-way ANOVA. The P-value for significant difference in gene expression between animal groups was set to Pp0.01 to minimize the number of false positive results. Due to the high number of comparisons made (45000) using a post-test to control for statistical errors introduced by multiple comparisons would have been overly restrictive. 49 Raw lists of differentially expressed transcripts produced by Resolver were further analyzed using Microsoft Excel. Duplicate reports of genes represented by multiple probe sets on the U34A array were consolidated into one listing. Genes that were reported as differentially expressed due to a clear technical fault of the array hybridization were manually excluded from further analysis, as were genes reported as differentially expressed in different directions as reported by multiple probe sets (total number of thus excluded genes ¼ 7). Finally, genes that were differentially expressed with an effect size of less than 1.25-fold in all comparisons were excluded from the final report.
Quantitative PCR Confirmation of microarray results for 16 selected genes was done as previously described. 25 Briefly, 2 mg of total RNA per animal were treated with DNase I, using DNA-free kits (Ambion), then reverse transcribed into first strand cDNA in the presence of 500mM dNTPs (Amersham), 500 ng oligo(dT) [12] [13] [14] [15] [16] [17] [18] primer (Gibco) and 20 U SUPERaseIn (Ambion), using 200 U of SuperScript II (Gibco) and following the manufacturer's instructions. Quantitative PCR was carried out using gene-specific primers that were designed using the Primer3 software (http://frodo.wi.mit.edu/cgi-bin/primer3/ primer3_www.cgi), 50 with the following input parameters: 22-mer primers with T m between 57 and 631C optimum T m of 601C with a maximum T m difference between the two members of a primer pair of 21C, optimum GC percentage of the primers 50%, optimum product size 200 bp, all other inputs per program default. Quantitative PCR was carried out on a Roche LightCycler (10 min incubation step at 951C followed by 35 cycles of 951C for 15 s, 601C for 10 s, and 721C for 10 s) in the presence of 0.5 mM primers and 3 mM MgCl 2 and using LightCycler FastStart DNA Master SYBR Green I kits (Roche).
All assays were carried out in duplicate and results averaged across both assays. Relative concentrations of amplified PCR product were determined with the help of mock standards prepared by serial dilutions (1 : 1, 1 : 2, 1 : 4, 1 : 10 and 1 : 20) of a cDNA mix composed of aliquots from all samples. Relative expression levels for each gene of interest were normalized by dividing them by the average expression levels across a panel of four housekeeping genes. Housekeeping genes were glyceraldehyde-3-phosphate dehydrogenase (Gapdh), acidic ribosomal protein P0 (Arbp), ribosomal protein S2 (Rps2) and ribosomal protein S4, X-linked (Rps4Â ). The ribosomal proteins were chosen as members of the housekeeping gene panel on the basis of their high and stable levels of expression that were independent of rat group membership (naïve control, sham stressed, LH or NH) in the microarray analysis (coefficients of variation o0.07). Data were evaluated statistically with SPSS Base11.0, and using one-way ANOVA followed by Bonferroni post hoc analysis.
Western Blot Analysis
A different group of 24 animals than those used for the gene expression studies, with six animals in each group (naïve controls, sham stressed controls, LH and NH) were used for protein expression analysis. Using an Omni TH115 homogenizer (Omni International), frozen hippocampus samples were homogenized in three volumes of ice-cold modified RIPA buffer (1 Â phosphate-buffered saline, pH 7.6, 1% NP-40, 0.5% sodium deoxycholate and 0.1% SDS) containing the following protease inhibitors (all from Sigma): 1 mM Pefablock, 2 mg/ml leupeptin, 3 mg/ml aprotenin, 1 mg/ml pepstatin, 40 mg/ml soybean trypsin inhibitor and 100 mg/ml benzamidine. After incubation on ice for 30 min, homogenates were centrifuged twice at 10 000 g to produce a clear lysate. Protein concentrations were determined using a BCA protein assay kit (Pierce). Protein samples (30 mg) were mixed with an equal volume of 2 Â sample buffer (0.125 M TrisHCl, pH 6.8, 4% SDS, 10% glycerol, 0.1% bromphenol blue, and 5% b-mercaptoethanol) and denatured by boiling for 10 min. Samples were fractionated on 10% Tris-HCl gels and blotted onto PVDF membranes, using the Criterion precast gel system (BioRad) and following the manufacturer's instructions.
Membranes were blocked for 1 h at room temperature with 5% dried milk (Carnation) in 1 Â Tris-buffered saline. Blots were then probed for 1 h with primary antibody dilutions optimized so that the densitometric values of immunoreactive bands fell within the linear range of scanned images. Following three washes in wash buffer (1 Â Tris-buffered saline/0.1% Tween-20), blots were incubated for 30 min with appropriate HRP-conjugated secondary antibodies. Antibody combinations used were as follows: antistress activated protein kinase alpha II (Mapk9; Chemicon) 1 : 250 and anti-rabbit (Sigma) 1 : 5000; anti-N-ethylmaleimide sensitive factor (Nsf; BD Biosciences) 1 : 5000 and anti-mouse (Sigma) 1 : 5000; anti-neurotensin receptor 3 (Nt3; BD Biosciences) 1 : 250 and anti-mouse 1 : 5000; antisynoptotagmin 1 (Syt1; BD Biosciences) 1 : 250 and antimouse 1 : 5000. Blots were again washed four times in wash buffer and then exposed to chemiluminescence detection solution (ECL plus Western Blotting Detection System, Amersham). Blots were scanned on a Kodak DS Image Station 400 CF and analyzed by densitometry, using the Kodak 1D program. All Western blots were carried out in triplicate. For each blot, protein expression was normalized to percent of average protein expression from naïve animals, to allow for comparison and statistical analysis of Western blots with different overall signal intensities. Data were evaluated statistically with SPSS Base11.0 as described above.
Analysis of Common Elements among Coexpressed Genes
We looked for possible control elements within the UTR and the upstream regions of differentially expressed genes through a high-throughput sequence analysis pipeline, using phylogenetic footprinting. 51 This pipeline uses sequence databases for human, mouse and rat, assembled from ensembl database release 20 (human genome build 34, mouse genome build 32 and rat genome build 3) 52 (http:// www.ensembl.org/). We retrieved sequence data for differentially expressed genes as well as for a control set of 100 randomly chosen genes, using the ensembl application programming interface. For each gene, rat, mouse and human orthologs, if known, were used to enhance the specificity of the analysis by allowing us to identify regions that are conserved across species, as nonconserved regions are unlikely to serve an important regulatory function.
For analysis of the promoter regions, a sequence database with includes upstream regions and containing more than 39K genes from different species was used. Since cisregulatory elements tend to occur more often within 5 kb of the transcription start site, which corresponds well to the average size of the upstream regions with high similarity between human and mouse, we restricted our analysis of the promoter regions to this area. 53 For the analysis of untranslated mRNA regions (3 0 UTR and 5 0 UTR), we used a database featuring approximately 32K genes from different species. This sequence database was assembled based on the genome annotation, available from ensembl. Where alternative transcripts are described we used the most upstream ending transcript for analyzing 5 0 UTRs, and the most downstream one for 3 0 UTRs. Sequence repeats were masked first with sequential RepeatMasker (http://www.repeatmasker.org/) and Tandem Repeats Finder analysis, 54 (http://c3.biomath.mssm.edu/ trf.html/). Next we identified conserved regions by additive pairwise alignment of rat, mouse and human sequences, using the BLAST sequence alignment tool, bl2seq, with the following parameters: gap penalty 1, gap extension penalty 1, penalty for mismatch 2, window word size 9. 55 Regions of high similarity were defined as follows: (a) single blast hit should have at least 22 identities (conserved nucleotides); (b) the sum of overall blast hits similarity should be more than 5% of the length of the analyzed sequence. If conserved regions could not be identified, the raw, nonmasked sequence was used for further analysis.
The promotor regions of differentially expressed and control genes were searched for common transcription factor binding sites or novel, shared motifs, using Bioperl methods 56 (http://www.bioperl.org/) and utilizing the databases Transfac 6.0 professional release 57 (http://www. gene-regulation.com/) and Jaspar 58 (http://jaspar.cgb.ki.se/ cgi-bin/jaspar_db.pl).
The upstream (5 0 UTR) and downstream regions (3 0 UTR) of differentially expressed genes were analyzed for shared motifs using the MAST and MEME analysis tools 59 (http:// meme.sdsc.edu/meme/website/).
Motifs were predicted with MEME, using the following analysis parameters: maxw ¼ n/2 þ 1 and minsites ¼ 3 þ int(n/7), where n is the number of the genes in the analysis, then filtered then on the basis of their e-value (o1) and complexity (o80% single base consensus). A motif's e-value indicates the probability of its chance occurrence among all genes in the database, whereas the e-value of prediction indicates the level of significance at which the existence of the motif is predicted for a given gene. Predicted motifs were stored in a database for future reference and for evaluation of the MEME predictions. (GeneKeyDB, http://genereg.ornl.gov/gkdb). Evaluation of MEME-predicted motifs was carried out using MAST to search the 32 K UTR database of for occurrence of the predicted motifs in rat, mouse and human genes. Motifs were considered of possible regulatory significance if they were specifically enriched among differentially expressed genes.
